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CHAPTER 3
IF GROUND IMPROVEMENT IS NECESSARY, WHAT METHODS ARE
AVAILABLE?

Many methods for ground modification and improvement are available, including dewatering,

> ) o with and without vertical drains
vvvvvv 1, 1g with ang without vertical drains
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These methods have become practical and economicai aiternatives for many ground improve-
ment applications. While most of these technologies were originally developed for uses other

practical and cost effective means for mitigating seismic risks. Many of these methods have
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structures. Various purposes for ground improvement are indicated, along with methods that
may be applicable for each purpose. Several different methods may be suitabie for each po-

ra particu_lar purpose will de-
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areal extent of treatment. The applicable grain size ranges for various soil improvement
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Figure 27. Applicable Grain Size Ranges For Soil Improvement Methods.
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An important factor in selection of a suitable ground improvement method is the accessibility
of the site, particularly if the site is aiready developed. When ground improvement is needed
on large, open and undevelopcd sites, there are typically more and less expensive options

small or have constraints such as existing structures or facilities.

are
nrovement methods that are notentiallv suitable and economical for use on large
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tions is presented in Tabie 6.

e used to select options for ground improvement at a particular site.
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hese 1s can then be narrowed down based on the : : esented in the
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(1990), Mitchell and Christopher (1990), Narin van Court and Mitchell (1994, 1995), Hay-
ward Baker (1996), and ASCE (1997)

Soil Replacement
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excavated soil can sometimes be recompacted to a satisfactory state or it may be treated with

admixtures and then be replaced in a controlied manner. It

ent soil with more suitable properties for the proposed application.
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Admixture Stabilization

Admixture stabilization consists of mixing or injecting admixtures such as cement, lime, flyash
erties. Admixtures can be used to incre
strength, decrease the permeability or improve the workability of a soil. Admixtures can fill
voids, bind particles, or break down soil particles and form cement. The general process of
admixture stabilization consists of. (1) excavating and breaking up the soil, (2) adding the
cting th 1 and al-
(1990).

stabilizer and water, if necessary, (3) mixing thoroughly, and {(4) com

pa

lowing it to cure. Admixture stabilization is discussed in detail in Hausmann

oller Comnacted Concrete
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provement. RCC is essentially no-slump concrete composed of a blend of coarse aggregate,

ccsmd

water. It can be used to constru

gregate, cement and
provide overtopping protection for existing earth dams, and to buttress existing slopes. It is

aced and spread using conventional earth moving equipment, compacted with vibratory roii-

.

e RCC hvdrates and hardens into weak concrete.
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Deep dynamic compaction (DDC), also called heavy tamping, consists of repeated dropping

the soil at depth, as shown in Figure 28.

the particles are rearranged in a denser, more stable configuration. At developed sites, a
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the weight and the height of the drop can be expressed as:

metric tons
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with a maximum effective densification depth of about 10 meters. The
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maximum depth of improvement, m
a
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discussed in greater detail in Mitchell (1981), FHWA (1986a), and Hayward Baker (1996).

The lower values for the coefficient generally apply to silty sands, whereas, clean, coarse, co-

involves weights of 10 to 30 tons dropped from heights of 15 to 30 meters at grid spacings of

between the effective depth

sands and silty sands

where D
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Vibrocompaction and Vibrorod

Vibrocompaction methods use vibrating probes (typically having a diameter of about 0.4 m)
to densify the soil. A sketch showing the vibrocompaction process in shown in Figure 29.
The probe is usually jetted into the ground to the desired depth of improvement and vibrated
during withdrawal, causing densification. The soil densifies as the probe is repeatedly inserted
and withdrawn in about 1 m increments. The cavity that forms at the surface is backfilled with
sand or gravel to form a column of densified soil. Vibrocompaction methods are most effec-

tive for sands and gravels with less than about 20 percent fines, as shown in Figure 30.

Figure 29. The vibrocompaction process (Hayward Baker, 1996)

When vibrocompaction is used for large areas, it is typically performed using either a triangu-
lar or rectangular grid pattern, with probe spacings in the range of 1.5 m to 3 m on centers.
The spacing depends on several factors, including the soil type, backfill type, probe type and
energy, and the level of improvement required. An approximate variation of relative density
with effective area per compaction probe for a sand backfill is shown in Figure 31 (FHWA,
1983). While field tests are usually done to finalize the design, Figure 31 can be used for pre-
liminary probe spacings. This figure can also be used for preliminary design of stone columns,

which is discussed in the next section. Advantages of vibrocompaction are that the vibrations
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felt on or near the site are significantly less than caused by deep dynamic compaction or ex-
plosive compaction and more uniform densification is obtained. On the other hand, the cost is

usually greater. Additional information is available in Mitchell (1981), Hausmann (1990), and
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Figure 30. Range of particle size distributions suitable for densification by vibrocompaction.
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Figure 31. Approximate variation of relative density with tributary area or area replacement
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Stone Columns (Vibroreplacement)

Stone columns are installed using a process similar to vibrocompaction, except t that a gravel
backfill is used, and they are usually installed in slightly cohesive soils or silty sands rather
than clean sands. In the dry process, a cylindrical cavity is formed by the vibrator, that is filled
from the bottom up with gravel or crushed rock. Compaction is by vibration and displace-
ment during repeated 0.5+ m withdrawals and insertions of the vibrator. Stone columns are
usually about 1 m in diameter, depending on the soil conditions, equipment and construction
procedures. They are usually installed in square or triangular grid patterns, but may also be
used in clusters and rows to support footings and walls. Center-to-center column spacings of

1.5t 3 are typical. Figure 31 may be used f

the tributary area per stone column. For foundation applications, coverage should be ex-
tended beyond the perimeter of the structure to account for stress spread with depth. A

drainage blanket of sand or gravel 0.3 m or more in thickness is usually placed over the top of

ditional details regarding stone columns are discussed in Mitchell (1981), Hausmann (1990),
and Hayward Baker (1996).

Gravel drains are a type of stone column proposed for use in liquefiable soils to mitigate lique-
faction risk by dissipation of excess pore water pressures generated during earthquakes
(ASCE, 1997). They have been proposed for use in two ways: (1) as
method for liquefiable zones and (2) as a perimeter treatment around improved zones to inter-
cept pore pressure plumes from adjacent untreated ground. A typical layout for gravel drains
is shown in Figure 32. Gra\)el drains are constructed in the same manner as stone columns,
but are installed in cohesionless deposits. As the gravel is densified during vibro-replace
there is mixing of the sand from the formation with the gravel in the drain. The degree of

mixing has a strong influence on the final permeability of the gravel drain.
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Seed and Booker (1977) first proposed design methods for gravel drains to prevent liquefac-
tion of sands. They assumed that drainage would occur radially towards the center of the col-
umn if the drain permeability were at least 200 times the native soil permeability and that drain
resistance could be neglected. In practice, however, seepage in the drain occurs vertically, so
the drainage path length is much longer than originally assumed by Seed and Booker and drain
resistance becomes an important factor in design. Design diagrams that consider the drainage
path length and drain resistance were presented by Onoue (1988). Boulanger et al. (1998)
performed designs using both methods and found that the methods agree when drain resis-
tance is negligible. However, they also found that a drain permeability of 200 times the soil
permeability was not sufﬁciént to eliminate the effects of drain resistance. Therefore, they
suggest that the diagrams presented by Onoue (1988) be used to include the effects of drain

resistance in design of gravel drains.

©

® © PLAN
® o ®
GRAVEL DRAIN

Figure 32. Arrangement of gravel drains (after Seed and Booker, 1977).

A detailed discussion of design and construction issues regarding gravel drains is presented by
Boulanger et al. (1998). Intermixing of the native soil and the drain material can cause the
permeability of the resultant drain to be less than 100 times the permeability of the native soil.
Construction defects can result in zones of low permeability. Therefore, it is recommended
that densification be the primary treatment goal when gravel columns are used and that drain-

age be considered a secondary benefit. It is noted, however, that row(s) of gravel drains used
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Compaction piles densify the soil by two mechanisms: (1) displacement of a volume of soil

equal to the pile volume and (2) densification of the soil due to vibrations induced by the pile

driving. They are typically paced 1 to 3 m on center. For preliminary design in loose sand, the
following gdxde!me may be used. To increase the average density of loose sand from an initial

for piles in a triangular pattern, Figure 33 (b), in which d is the sand pile diameter (up to 800
mm) (Mitchell, 1981). Compaction piles are often slow to install and relatively expensive. A

Franki pile is a type of compaction pile in which a falling weight is used to drive the backfill
out the bottom of a large diameter pipe. Additional detail on sand and gravel compaction

le, can be found in Mitchell (1981).
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surface. The detonation induces liquefaction in the soil, which then recompacts to a de enser,
ires induced by both the blast and by gravity. If a partly
saturated soil is prewetted before the charges are detonated, the process is termed hydroblast-

ing. Hydrobiasting is sometimes used to treat coliapsibie soils. A typical layout for explosive

compaction is shown in Figure 34. Explosiv
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15 meters in remote areas, with charge weights between 2 and 15 kiiograms. The total ex-

plosive use is usually 40 to 80 g/m’. For soil layers less than 10 m thick, the charges are

usually placed at a depth between one-half and three-quarters the thickness of the layer to be
th

treated, with a dep

of two-thirds t lay :

thick, it is recommended that it be divided into sublayers, where ea

rately with decked charges (Narin van Court and Mitchell, The charges in each
sublayer can be set off in sequence from top to bottom or bottom to top, and there is no de-
finitive evidence that one sequence is more effective than the other

57



For any layer thickness, the treatment area typically needs to be treated with 2 or 3 series of

.......... ne ~f thin anil amd aiébn A £ald tnctinm menmram o s1aisalley marfnemead Cac sl O 1
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design. For additional information on explosive compaction, consult Narin van Court and
Mitchell (1994, 1995)

Permeation Grouting

Permeation grouting is a process by which the pore spaces in soil or the joints in rock are

p P SR eAas s AN 1D Y ol R £1 2 \ ) w
ing pressures is 20 KPa per meter of aeptn (1 psvit). &

be used. The process is limited to relativel coarse-grained soils, because the grout must be

”

P

penetration grouting holes is between about 4 to 8 feet. For water cutoff applications, two or
three rows of grout holes are usually required to form an effective seepage barrier. Penetr:
tion grouting can also be used for ground strengthening and liquefaction mitigation. Whereas
seepage control requires essentialiy complete replacement of the pore water by grout, effec-

cement. Additional references on permea-

tion grouting include Karol (1990) and Xanthakos et al. (1994). Case histories on chemicai
oronting for mitioation of liauefaction rick can he found in Graf (1992hb)
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Figure 35. Types of grouting (Hayward Baker, 1996).
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not penetrate the soil pores in compaction grouting. The grout acts as a radial hydraulic jack
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urrounding soil. The grout is usually a mix of sandy soil

out mix consists of
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to bind the mix together, cement, and water. A typical compactio

about 3 parts sand to 1 part cement, aithough cement is not always used. The grout forms a

grained soils.

A typical compaction grouting program consists of pipe spacings between 3 to 15 feet, with 5
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depending on the type of soil being treated. The replacement factor, which is the percentage

of total ground volume that is filled with grout, ranges from about 3 to 12 percent. Additional

ound in Graf (1992a) and Warner et al. (1992).
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Figure 36. Compaction grout bulb construction (ASCE, 1997).
Jet Grouting

Jet grouting is a process in which a high-pressure water jet is used to erode the native soil and

umns of up to about 1 m diameter are typical, although much larger columns are possible us-

soils that are easily eroded, such as cohesionless soils. Cohesive soils, especially highly plastic
clays, can be difficult to erode and can break up in chunks. The return velocity of the drilling
fluid is usually not large enough to remove chunks of clay, so the quality of the grout-soil
mixture could be compromised and hydrofracturing could occur in highly plastic clays (ASCE,
1997). A drawback of jet grouting is that it is very expensive and that special equipment is
required. However, one advantage is that treatment can be restricted to the specific layer re-

quiring improvement. Another advantage is that the injection rods can be inclined, so it is

N
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In the deep soil mixing technique, admixtures are injected into the soil at the treatment depth
and mixed thoroughly using large-diameter single- or multiple-

panels of treated material. The mix-in-place columns can be up to 1 m or more in diameter.

groups to form piers, in lines to form walls, or in patterns to form cells. The process can be
used to form soil-cement or soil-bentonite cutoff walls in coarse-grained soils, to construct

excavation support walls, and to stabilize liquefiable ground. Deep mixing for mitigation of

liquefaction risk at Jackson Lake Dam is iilustrated in Figure 38. A detaiied discussion of
deep mixing is presented in ASCE (1997).

Mini-nilas

Mini-piles

Q.
-
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P
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0
place piles incorporating steel reinforcement” (ASCE, 1997). Mini-piles can be use

e
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Figure 38. DSM for Jackson Lake Dam Modification Project (Taki and Yang, 1991).

stand axial loads and/or lateral loads, either for the support of structures or the stabilization of
soil masses. Various applications for micro-piles are shown in Figure 39. Diameters are
usually in the range of 100 to 250 mm, with lengths up to 20 to 30 m and capacities from
about 100 to 300 kN (67 to 225 kips). Mini-piles can be installed both vertically and on a

slant, so they can be used for underpinning of existing structures.

Conventional concrete cast-in-place piles generally rely on the concrete to resist the majority
of the applied load. In contrast, mini-piles often contain high capacity steel elements that oc-

cupy up to 50 percent of the borehole volume.  Therefore, the steel element is the primary

Area to be
excavated

Figure 39. Mini-pile applications (modified from Lizzi, 1983).
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load bearing component, and can develop high capacities, while the grout serves to transfer

the load from the steel to the soil. Additional information on mini-piles can be obtained from
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Xanthakos et al. (1994). Case histories are discussed in Bruce (1991). Information o
can be found in Volume 2 of the FHWA State of Practice Report (1996a).

Soil Nailing

Soil nailing consists of a series of inclusions, usually steel rods, centered in a grout-filled hole
about 6 inches in diameter in the ground to be supported. By spacing the inclusions closely, a

composite structural entity can be formed. The “nails” are usually reinforcing bars 20-30 mm

in diameter that are grouted into predrilled holes or driven using a percussion drilling device at
an angle of 10 to 15 degrees down from the horizontal. Drainage from the soil is provided

with strip drains and the face of the excavation is protected with a shotcrete layer.

The purpose of soil nailing is to improve the stability of slopes or to support slopes and exca-
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port is shown in Figure 41. There are two mechanisms involved in the stability of nailed soil

~ - m A

structures (Mitcheil and Christopher, 1990). Resisting tensiie forces are generated in the nails

in the active zone. These tensile forces must be transferred into the soil in the resisting zone
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through friction or adhesion mobilized at the soil-nail interface. The second mechanism is the

development of passive resistance against the face of the nail.

Soil nailing works best in dense granular soil and stiff, low plasticity silty clay soils. In stiff
soils, the maximum facing displacement is about 0.3 percent. Current design procedures for

soil nailed walls are included in FHWA (1996b).
Prefabricated Vertical (PV) Drains, with or without surcharge fills

Prefabricated vertical (PV) drains, also known as wick drains, are typically installed in soft,
cohesive soil deposits to increase the rate of consolidation settlement and corresponding
strength gain. The rate of consolidation settlement is proportional to the square of the length
of the drainage path to the drain. Installing vertical drains shortens the drainage path, which
causes an increase in the rate of settlement. Geocomposites are widely used as drains because
they are relatively inexpensive, economical to install and have a high flow capacity. Geocom-
posite drains consist of a plastic waffle core which conveys the water and a geotextile filter to
protect the core from clogging. In selecting a drain, it is important to choose one with enough
capacity. Drains are typically spaced in a triangular or rectangular configuration. A sand
blanket is usually placed on the surface of the consolidating layer to facilitate drainage. For
additional information on engineering assessment and design of vertical drains, the 1986
FHWA publications titled Prefabricated Vertical Drains and Geocomposite Drains may be
consulted. A discussion of the updates in PV drains in the past ten years can be found in
ASCE (1997).

Surcharge preloading can be used in conjunction with vertical drains to increase the magnitude
of settlement prior to construction, as shown in Figure 41. Surcharge preloading consists of
placing a surcharge load over the footprint of the proposed facility prior to construction. The
surcharge load causes consolidation settlement to occur. It can be accomplished with sur-
charge fills, water in tanks and ponds, by lowering the groundwater table or by electroosmo-

sis.
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of the foundation soils. The drains were instalied prior to stone column construction. The
columns were installed using the dry, bottom-feed method, which presents concerns with re-

spect to disturbance or fracture of the foundation soils being treated, as well as the adjacent

foundation soils. During const

immediately below the dam from disturbance.

Electroosmosis
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Buttress

Fill \

Figure 42. Buttress fill at toe of embankment.

to the net negative charge of the clay particles, there are more mobile cations than anions, so
the net flow of pore water will be toward the cathode. If the cathode is a wellpoint, the water
collected at the cathode can be removed and the soil between the electrodes will consolidate.
Consolidation will be greatest at the anode and least near the cathode. No consolidation will
occur at the cathode itself. The process of electroosmosis will result in a lower moisture
content, lower compressibility and increased strength. There may be an additional increase in
strength and a decrease in plasticity due to electrochemical hardening, which occurs when the
application of a DC electric potential to a saturated clay causes electrode corrosion, ion ex-
change, and mineral alteration. Electroosmosis and electrochemical hardening are discussed
by Mitchell (1993).

Buttress Fills

A buttress fill may be used to improve the stability of a slope or increase the resistance to lig-
uefaction by adding weight to the system, as shown in Figure 42. For a slope, the buttress
adds weight which increases the resisting force and increases the length of the failure surface.
For ground susceptible to liquefaction, the buttress also serves to increase the confining pres-

sure, thereby increasing the resistance to liquefaction.
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Biotechnical Stabilization and Soil Bioengineering
Biotechnical stabilization and soil bioengineerino can be used to stabilize slones aoainet ara_
valvs QiiL OV UVIVNIIBMIVL AlIp VAL UV WOV WU OWQULLLY SiVp s Gegailiioy iU

sion and shallow slope failures. The biotechnical stabilization method consists of using live
structures, revetments and ground cover systems (ASCE, 1997) For example, plants can be
retaining walls. The vegetation and mechanical elements work together as an integrated sys-

tem to provide erosion protection or siope stabilization. Soil bioengineering is the use of live

plants alone to serve as soil r ment, hydraulic drains and barriers to earth movement.
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Figure 43. Biotechnical stabilization by brush layering (after Gray and Sotir, 1996).
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Table 3 - Potentially Applicable Ground Improvement Methods for Civil Works Structures

Purpose

Method

L

Increase resistance to liquefaction

Reduce movements
A A N A A A2 R B A ) IL\J

Vibrocompaction, vibrorod
Stone columns

Deep soil mixing
Penetration grouting

e Deep dynamic compaction e Jet grouting
¢ Explosive compaction o Compaction grouting
s Gravel drains ¢ Sand and gravel compaction piles
o Stabilize structures that have undergone e Compaction grouting e Jet grouting
differential settlement e _Penetration grouting e Mini-piles
e Increase resistance to cracking, e Compaction grouting e Jet grouting
deformation and/or differential settlement e Penetration grouting o Mini-piles
¢ Reduce immediate settlement e Vibrocompaction, vibrorod e Deep soil mixing
o Deep dynamic compaction e Jet grouting
e Explosive compaction ¢ Sand and gravel compaction piles
o Compaction grouting
e Reduce consolidation settlement e Precompression ¢ Stone columns
e Jet grouting e Deep soil mixing
e Compaction grouting e Electro-osmosis
e Increase rate of consolidation settlement e Vertical drains, with or without surcharge fills
e Sand and gravel compaction piles
o improve stability of siopes ¢ Buttress fills s Jet grouting
e Gravel drains e Deep soil mixing
e Penetration grouting ¢ Soil nailing
o Compaction grouting e Sand and gravei compaction piles
o Improve seepage barriers o Jet grouting e Penetration grouting
o Deep soil mixing Slurry trenches

Strengthen and/or seal interfaces between
embankments/abutments/foundations

Penetration grouting

Jet grouting
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Table 3 (cont.) - Potentially Applicable Ground Improvement Methods for Civil Works Structures

Purpose

Method

Seal leaking conduits and/or reduce piping
along conduits

Penetration grouting e Compaction grouting

Reduce leakage through joints or cracks

Penetration grouting

Increase erosion resistance

Roller compacted e Biotechnical stabilization
concrete

AArmiviiira ctalilioati~Aem
AU HAWUIC olaviliLalivil

Stabilize dispersive clays e Add lime or cement during construction
o Protective filters
e For existing dams, add iime at upstream face to be conveyed into
the dam by flowing water
Stabilize expansive soils ¢ Lime treatment ¢ Soil replacement
e Cement treatment ¢ Keep water out
Stabilize collapsing soils o Prewetting/hydroblasting e Vibrocompaction
e Deep dynamic compaction e Grouting
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Table 4 — Summary of Ground Improvement Methods for Remediation of Large, Open, Undeveloped Sites

Method Soil Type Effective | Typical Lay- | Attainable Advantages Limitations Prior Ex-
Depth out & Spac- Improvement perience
ing
Deep Dy- Saturated sands | Upto 10 Square pattern, | D, =80 % Low cost, Limited effective | Extensive
namic Com- and silty sands; | m 2to 6 m spac- (N1)so1=0 ‘:% Simple depth, Clearance
g partly saturated ing Qc1 = 10- required, Vibra-
paction (DDC) sands MPa tions
Vibrocompac- | Sands, silty 30m Square or trian- | D, = 80+ % Proven effective- Special equip- Very ex-
tion, Vibrorod sands, gravelly gular pattern, (N1)eo = 25 -ness, Uniformity ment, Unsuitable | tensive
sands 1.5to3m Qo1 = 10-15 with depth in cobbles and
< 20% fines spacing MPa boulders
Stone Col- Soft, silty or 30m Square or trian- | (N4)s0 = 20 Proven effective- Special equip- Very ex-
umns (Vibro- clayey sands, gular pattern, Qet = 10-12 ness, Drainage, ment, Can't use | tensive
‘ silts, clayey silts 1.5to3m MPa Reinforcement, in soil with cob-
replacement) . .
center to center Uniformity with bles and boul-
column spacing depth, Bottom feed | ders
dry process puts fill
where needed
Sand and Canbeusedin |20m Square or trian- | Up to (N1)eo = Proven effective- Special equip- Very ex-
Gravel Com- rnost soil types gular pattern, 1 | 25-30, Q¢ = ness, Reinforce- ment, Slow, Ex- | tensive
paction Piles to 3 m centerto | 10-15 MPa, de- | ment, Drainage, pensive:
‘ center spacing | pending on soil | Uniformity with
type depth
Gravel Drains | Sands, silty 20m (?) Spacing se- Reduce pore Inexpensive, Does | May require very | Some ap-
_ sands lected to mini- pressure not require treat- close spacing, plications
mize excess buildup, Inter- ment of full area Settlement not for inter-
pore pressure cept pore pres- prevented ception of
ratio sure plumes pore pres-

sure plumes
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Table 4 (cont.) — Summary of Ground Improvement Methods for Remediation of Large, Open, Undeveloped Sites

Method Soil Type Effective | Typical Lay- | Attainable Advantages Limitations Prior Ex-
Depth out & Spac- | Improvement perience
ing
Explosive Saturated Unlimited | Square ortrian- | D, =75 % Inexpensive, Sim- | Vibrations, Psy- | Extensive
Compaction sands, silty guiar pattern, 3 | (Ny)so = 20-25 pie technoiogy choiogicai barri- | use; no EQ
sands to 8 m spacing | Q¢ = 10-12 ers yet at im-
in developed MPa proved sites
areas, 8to 15 m
spacing in re-
mote areas, )
vertical spacing
varies with size
of charge
Buttress Fills | All soil types N/A N/A Site specific, Lower cost, Protec- | Space needed | Seismic ret-
(below and increases sta- | tion of existing em- | for above rofit of em-
above bility, Increased | bankments and ground but- bankment
s,” reduces lig- | large unimproved tresses, Lique- dams and
ground) uefaction po- sites faction settle- retention of
tential, Barriers ment in retained | liquefiable
against lateral areas sites
spreading
Deep Soil Most soil types | 20 m Select treatment | Depends on Positive ground Requires special | Excellent
Mixing pattern depend- | size, strength reinforcement, Grid | equipment, Brit- | performance
ing on applica- and configura- | pattern contains tle elements in 1995
tion tion of DSM liquefiabie soil, Kobe EQ

elements

High strength
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Table 4 (cont.) - Summary of Ground Improvement Methods for Remediation of Large, Open, Undeveloped Sites

Method Soil Type Effective | Typical Lay- Attainable Advantages Limitations Prior Ex-
Depth out & Spacing | Improvement perience
Prefabricated | Moderately to Up to 65 Square or trian- | Depends on Proven effective- Unsuitable if Very ex-
Vertical (PV) | highly com- m; over | gular pattem, final consolida- | ness, Low cost, obstructions tensive
Drains (Wick pressible soils; 20m spacing 1.5t0 6 | tion pressure Simple exist above
. clayey sands, depthre- [ m compressible
Drains) silts, clays and | quires layer
their mixtures crane to
install
Prewetting Collapsing soils | Essential-- | N/A When used | Low cost, Simple Usually not ef- Extensive
such as loess, ly unlirn- alone, can re- fective at shal-
debris flows ited, but duce settlement low depths,
not effec- due to existing Works best in
tive at overburden, combination
shallow When used with with dynamic
depths other methods, compaction,
can reduce set- preloading, or
tlement due to explosive com-
additional load paction
Replacement Al soils A few m N/A High density fills | Can design to de- Expensive, Very lim-
to cemented sired improvement | Might require ited
materials level temporary sup-
port of existing
structures
Admixture Cement ~ sands | A fewm N/A High density fills | Can design to de- Results depend | Extensive
Stabilization and silty sands to cemented sired improvement | on degree of
Lime - clays materials level mixing & com-
and clayey paction

sands

achieved in field
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Table 4 (cont.) — Summary of Ground Improvement Methods for Remediation of Large, Open, Undeveloped Sites

Method Soil Type Effective | Typical Lay- Attainable Advantages Limitations Prior Ex-
Depth out & Spacing | Improvement perience
Roller Com- Sands and N/A N/A Cemented Can design steep Bonding between | More than
pacted Con- gravels, up to material slopes (0.7H:1V), lifts important, 25 new
crete 15% fines Can place using therefore, have to | dams > 50
conventional earth | place quickly, feet high in
moving equipment | keep lift surfaces | U.S. since
clean early
1980's
Biotechnical All soils Afewm Depends on Stabilize Cost effective, at- Keepin‘g vegeta- | Extensive
lipats application slopes, Prevent | tractive treatment tion alive until
Ste:jblsllz'a'\ téc.m erosion for shallow mass established, Diffi-
and Soll Blo- movement and cult to establish
engineering erosion, Environ- vegetation on -

mentally compati-
ble, Blends in with
natural surround-
ings, Can allow
native plants to
overtake treated
area by succession

slopes steeper
than 1.5H:1V,
Difficuit to quan-
tify reinforcement
contribution of
root systems
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Table 5 - Summary of Ground Improvement Methods for Remediation of Constrained and/or Developed Sites

Method Soil Type Effective | Typical Lay- Attainable Advantages Limitations Prior Ex-
Depth out & Spacing | Improvement perience

Penetration Sands and Unlimited Triangular pat- Void filling and | No excess pore High cost, Fines | Extensive

Grouting coarser mate- tem, 1to2.5m | solidification pressure or lique- prevent use in
rials spacing faction, Can local- | many soils

ize treatrnent area

Compaction Any rapidly Unlimited Square or trian- | Up to D==80+% | Controllable treat- High cost, Post- | Limited

Grouting consolidating, gular pattern, 1 (N1)eo = 25 ment zone, Useful | treatment loss of
compressible to 4.5 m spac- Qo1 = 10-15 in soils with fines prestress
soil including ing, with 1.5t0 | MPa '
loose sands 2 m typical (Soil type de-

pendent)

Jet Grouting Any soil; more | Unlimited Depends on Solidification of | Controllable treat- | High cost Limited; to
difficult in application the ground - ment zone, Useful date, in U.S.
highly plastic depends on in soils with fines, most appli-
clays size, strength Slant drilling be- cations have

and configura- | neath structures been for
tion of jetted underpin-
elements ning

Explosive Sands, silty Unlimited Square or trian- | D, =75 % Inexpensive, Sim- | Vibrations, Psy- | Limited use

Compaction sands gular pattemn, 3 | (Ny)eo = 20-25 | ple technology, chological barri- | in U.S.

to 8 m spacing Qet = 10-12 Can localize treat- | ers, Settlernent
in developed MPa ment zone, Slant

areas, 8to15m
spacing in re-
mote areas,
vertical spacing
varies with size
of charge

drilling possible
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Table 5 (cont.) - Summary of Ground Improvement Methods for Remediation of Constrained and/or Developed

Sites
Method Soil Type Effective | Typical Lay- Attainable Advantages Limitations Prior Ex-
Depth out & Spacing | improvement perience
Mini-Piles Any drillable Severalm | Depends on Transfers loads | Structural support | Expensive, Po- Deep foun-
soil beneath application through weak tential settlement | dations
existing soil around structure | have per-
structures formed well
Soil Nailing Any drillable Unlimited 1 grouted nail Stabilize cut Flexible system, Excavation or cut | Used
: soil, except per1to 5m° 1 | slopes and ex- | Cantolerate large | slope must re- mainly in
very soft clays driven nail per cavations movements, Highly | mian stable until | Europe
0.25 m? resistant to dy- nails are in- until re-
namic loading, Can | stalled, Difficult cently
instail with smaii, to construct reli-
mobile equipment, | able drainage
Reinforcement is systems, May
redundant, so weak | require under-
nail will not cause ground easement
catastrophic failure | on adjacent
property
Replacement | All soils Afewm N/A High density Can design to de- Expensive, Might | Very lim-
fills to ce- sired improvement | require tempo- ited
mented mate- level rary support of
riais existing struc-
tures
Roller Com- Sands and N/A N/A Cemented Can design steep Bonding between | As of 1993,
sacted Con- | gravels, upto material slopes (0.7H:1V), lifts important, 30 projects
::et e N 15% fines Can place using therefore, have have been
conventional to place quickly, modified
earthmoving keep lift surfaces | using RCC

eauinment
equipment
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Table 6 — Summary of Approximate Costs for Various Ground Improvement Methods

Method Relative Cost | Cost per m ($) Cost per m? Cost per m* Reference Comments
ground sur- treated
facelwall face | ground ($)
($
Deep Dynamic Low - 8t032. ~5 FHWA (1998)
Compaction
Vibrocompac- Low to moderate | No backfill (B/F) - - 1104 FHWA (1998) Plus mobilization of
tion, Vibrorod 15 $15,000/rig
Granular B/F - 25

Stone Columns | Moderate Starts at 45 to 60 - - FHWA (1998) Plus mobilization of
(Vibro- if suitable B/F $15,000/rig
replacement) readily available
Gravel Drains Moderate 11 to 22 - - Ledbetter (1985)
Explosive Com- | Low - - 2to 4 Adalier (1996)
paction
Compaction Low to moderate - 5to 50 FHWA (1998) Plus mobilization, pipe
Grouting installation costs

Moderate -- - 3to 30 Adalier (1996)

Particulate
Grouting
(Permeation)




LL

Table 6 (cont.) - Summary of Approximate Costs for Various Ground Improvement Methods

Method Relative Cost | Cost per m ($) Cost per m* Cost per m* Reference Comments
ground sur- treated
face/wall face | ground ($)
(%)
Chemical High - - 150 to 400 Hayward Baker | If > 700 m® will be
Grouting (1986) treated with sodium
: silicate grout, assume
(Permeation) $1 o5/m’ plus mobili-
zation ($10-50K) plus
installation of grout :
pipes ($65/m) (FHWA,
1998)
Jet Grouting High to very high | Seepage control: - - FHWA (1998) Columns approximately
30 to 200 1 m diameter; if head-
o room is limited, as-
Underpinning, sume high end of range
excavation sup-
port: 95 to 650
Soil Nailing Moderate to high - Permanent: 165 - FHWA (1998) Permanent cost de-
J to 775 pends on type of facing
Temporary: 160
to 400
Deep Soil Mixing | High to very high -- -- 100 to 150 FHWA (1998) Plus mobilization of
$100,000
Roller Com- -- - -- New construc- | Portland Ce-
cted Concrete tion: 25t0 75 | ment Associa-
pa , tion (1992,
Overtopping 1997)

protection: 65
to 130
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Table 6 (cont.) - Summary of Approximate Costs for Various Ground Improvement Methods

Method

lelative Cost

Cost per m ($)

Cost per m?
ground sur-
facel/wall face

($)

Cost per m®
treated
ground ($)

Reference

Comments

Prefabricated

Vertical (PV)

Drains (Wick
Drains)

Low

Drains only Small
projects (3 -
10,000 LM): 2.25
to 4.00

Medium projects
(10,000 - 50,000
L.M): 1.60 to 2.50

L.arge projects
(> 50,000 LM):
1.20t0 2.00

FHWA (1998)

Plus mobilization of
$7,000 to $15,000

Also need to consider

costs of drainage blan-

ket, surcharge, ob-
structions or dense
soils, design, installa-
tion, and monitoring

Biotechnical
Stabilization

Depends on ap-
plication

Vegetated geo-
grid: 40 to 100

Live slope grat-
ing: 275 to 550
(of front face)

ASCE (1997)

Replacement

10 to 20

Hayward Baker
(1996)




